Abstract Deep brain stimulation (DBS) is an invasive therapy in which electrodes are surgically placed into the brain and deliver continuous electrical stimulation. It was originally developed for Parkinson's disease and other movement disorders. As evidence emerged that certain mental disorders involved abnormal function of specific brain nuclei, multiple investigators launched trials of DBS for mental disorders, particularly major depression (MDD) and obsessive-compulsive disorder (OCD). While open-label results were promising, recent large well-designed clinical trials in MDD have failed. We review the result of major DBS studies to date in psychiatry and what they have taught us about DBS' safety and efficacy. We further review a variety of animal and human neuroscience studies that have started to shed light on DBS' mechanisms of action at multiple brain targets. From these, we identify major trends that are likely to drive psychiatric DBS development in the coming decade, including Bclosed-loop^responsive stimulation, biomarker-based patient selection, and a better modeling of phenotypic heterogeneity within mental disorders. We conclude that on balance, DBS remains promising as a psychiatric treatment, but recent evidence highlights a clear need for further development and a better understanding of mechanisms.
Introduction
Deep brain stimulation (DBS) is an invasive therapy in which implanted electrodes deliver high-frequency electrical stimulation to subcortical structures. While experiments in electrical brain stimulation have been ongoing almost since the discovery of electricity, the modern era of DBS is usually traced back to successful reports in the early 1990s for movement disorders [1] . Stereotactic lesions such as pallidotomy and thalamotomy were previously the state of the art in functional neurosurgery. As DBS began to replace those lesions, forward-thinking psychiatrists recognized that lesions of the dorsal anterior cingulate cortex and anterior limb of the internal capsule were known to be effective for treatment-resistant major depressive disorder (MDD) and obsessive-compulsive disorder (OCD) [2] [3] [4] [5] [6] ; DBS was soon studied for these disorders as well. Early open-label results in both OCD and MDD were promising [7] [8] [9] . This spurred a round of pivotal controlled clinical trials, with great hope that DBS would unlock a new era of psychiatric cures.
With those blinded, sham-controlled trials now ending, the future seems less bright. One major controlled trial in MDD (St. Jude's BROADEN trial at the subgenual cingulate gyrus target) failed futility analyses while another (Medtronic's RECLAIM trial at the ventral internal capsule/ventral striatum target) demonstrated negative results [10••] . The NIMHsponsored controlled trial for OCD closed in March 2015, and the first analyses may be available in late 2016. While it is now a standard of clinical care for Parkinson's disease, DBS in psychiatry remains mostly experimental. In this article, we will overview recent clinical trial results and early explorations of alternate anatomic targets. We will devote the majority of our discussion, however, to a discussion of what we can learn from these Bfailed^studies and how the field is moving forward. Our central thesis is that negative trial outcomes are not necessarily failures. Rather, they are an opportunity to begin understanding the mechanisms of DBS and its clinical effects. That understanding can inform the ongoing development of new brain stimulation technologies. By linking the two, we can begin to design therapies that truly engage the biological underpinnings of mental illness and perhaps finally realize DBS' clinical promise.
State of the Clinical Art
The majority of published studies cover two targets: the subgenual cingulate gyrus (sgCC or Cg25) and the ventral internal capsule/ventral striatum (VC/VS), illustrated in Fig. 1 . The latter was originally termed Banterior limb of internal capsule^(ALIC), but the name evolved as the target itself moved more posteriorly [7, 13, 14] . OCD was the first psychiatric disorder targeted with DBS, following the theory that DBS creates a Bvirtual lesion^of the stimulated tissue [7] . Initial positive results led to continued use and refinement of that target, and open-label results seemed promising. In a multicenter review of 26 cases, the mean improvement in Yale-Brown Obsessive-Compulsive Scale (YBOCS) score was 38 %, (from 34 to 21) with at least some clinical response in 72 % of patients [14] . Comorbid MDD also improved, with a mean drop of 43 % in Montgomery-Asberg Depression Rating Scale (MADRS) and 50 % of patients meeting criteria for depressive remission. That, in turn, led multiple groups to try DBS of VC/VS (and its close neighbor, the nucleus accumbens) for MDD. Open-label results were positive, with response and remission rates of 53 and 40 %, respectively [9, 15, 16] .
The Cg25 procedure had different origins, but a similar clinical path. Rather than being targeted based on historical lesion studies, Cg25 was repeatedly found to be hyperactive in neuroimaging of induced sad mood and in patients with severe MDD [17, 18] . Again following the notion of DBS as a "virtual lesion", initial open-label results were promising, with a 43 % remission rate at 6-year follow-up [8, 19] . Importantly, Cg25 has never been studied for OCD, although there is evidence that surgical interventions for OCD modulate this target [4, 20] . The results of these and closely related studies are summarized in Table 1 .
Recently, those two streams have converged to apparent failure. The RECLAIM trial of VC/VS DBS for depression was stopped early after yielding negative results in an initial cohort of 30 patients with MDD [10••] . The BROADEN trial at Cg25 has not formally reported results, but the sponsor acknowledged an identical fate [26] . Poor results are not exclusive to mood and anxiety disorders; two recent early-stage trials of fornix and nucleus basalis DBS for Alzheimer's disease reported extremely modest cognitive outcomes [27, 28] . The only widely available psychiatric DBS procedure, particularly in the United States, is VC/VS DBS for OCD. This holds a Humanitarian Device Exemption from the US Food and Drug Administration (FDA), a class of approval granted when very few patients will ever be eligible for a therapy [29] . In theory, Humanitarian Device Exemption (HDE)-qualified treatments may never be required to complete a randomized controlled trial. In practice, investigators led by Butler Hospital/Brown University have attempted a multicenter controlled trial, which has just closed. 1 This highlights an important point. Under the HDE, any surgeon may legally perform VC/VS DBS for OCD and receive financial reimbursement. In practice, it would be extremely inadvisable for anyone other than a well-trained and well-integrated team of psychiatrists and surgeons to attempt this procedure. The selection and management of these patients is exceptionally complex, they require specialized follow-up care, and psychiatric neurosurgery in general should only be performed after a thorough review of each case by a multidisciplinary committee [30] .
Despite these apparent failures, DBS marches on. A medial forebrain bundle (MFB) target has shown positive openlabel results in MDD [12•, 31] and is also shown in Fig. 1 . Fig. 1 Illustrations of DBS lead placement at three major targets. a Subgenual cingulate (Cg25) for depression, from [11•] . b Ventral capsule/ventral striatum (VC/VS) for OCD and depression, from [9] . c Medial forebrain bundle (MFB) for depression, from [12•] 1 Clinicaltrials.gov registry NCT00640133, accessed 1 June 2015.
The globus pallidus has been suggested for OCD, based on results in Tourette syndrome [32, 33] . The amygdala is being used as a DBS target for post-traumatic stress disorder [34] , and there have been small case series in autism [35] , anorexia nervosa [36] , and addiction [37] . The results above stand as a caution: it appears relatively easy to achieve openlabel improvement but quite difficult to move a DBS target through a well-designed randomized trial. We attribute those difficulties to a simple problem: we do not know what DBS actually does in any of these circuits. We thus do not know which patients are likely to respond, how to titrate stimulation parameters, or how to individualize the implant to a patient's anatomy. Until that is known, statistical noise will hamper DBS' development.
Improving Clinical Targeting Through Neuro-Imaging
While we work to define DBS' mechanisms of action, we can also refine our anatomic targeting. Psychiatric DBS is implanted at coordinates defined by the line connecting the anterior/posterior commissures, not by specific fibers. [40, 41] . The Mayberg group has recently identified a set of white matter tracts directly behind the Cg25 target that may drive improvement in MDD [11•] . Preliminary data suggest that similar rules may apply for VC/VS [42] . In the near future, we may be able to target DBS not to arbitrary coordinates but to defined white or gray matter structures that can be reliably localized for each patient. Other groups are developing "virtual patient simulation" tools to aid this [43, 44] . By simulating the tissue propagation of electrical and magnetic fields, it should become possible to place every DBS so to optimally capture the true functional target.
Mechanisms: Clinical Correlates and Neural Biomarkers
Anatomy is not the whole puzzle. The electrodes are usually near enough to the putative target to have some influence, but across studies, only about half of patients get better. Thus, the most pressing question is, Bwhy does DBS work when it works?^With the growing number of clinical trial cases, investigators have begun to tackle that question through two avenues: understanding the clinical/behavioral correlates and searching for changes in brain activity.
Clinical Correlates
DBS takes weeks to months to produce improvement [9, 10••, 14, 21-23] . This suggests that the mechanism is not a rapid recalibration of emotional circuits but may involve plasticity and learning. A favored theory is that DBS makes patients more able to benefit from other therapies, particularly cognitive-behavioral regimens. Evidence has now emerged to support that theory. Adding structured cognitivebehavioral therapy (CBT) for patients whose degree of response had plateaued from VC/VS DBS drove their YBOCS lower by a mean of 7.3 points [30•] . This is impressive, given that all the patients (in accordance with DBS criteria) had tried CBT multiple times before without response. In patients receiving Cg25 DBS, one small (n=7) study found that electroencephalographic (EEG) markers of negative self-bias decreased with increasing exposure to DBS [45] . While this is not directly a psychotherapy study, negative self-talk is a core feature of MDD and is often targeted by CBT therapists. Clinical correlates are not per se mechanisms but can point toward them. The suggestions of improved CBT response correlate with rat studies showing that VS DBS improves extinction learning in a conditioned fear protocol [46] . Extinction, which involves learning new safety memories, may be a correlate of human exposure/response-prevention (ERP) therapies [47, 48] . More recently, the same group has shown that VS DBS in rats increases brain-derived neurotrophic factor (BDNF) in multiple cortical regions [49] and seems to specifically modulate the orbitofrontal cortex (OFC) [50] . The former finding is intriguing given the apparent role of BDNF in MDD [51] , while the latter points to the cortex that is frequently implicated in OCD [52, 53] . This approach has limitations-VS DBS decreased fear responding in rats, but did not change fear-potentiated startle in humans [54] . Nevertheless, as we continue to identify subsets of patients and techniques to improve DBS' efficacy, this "reverse translation" strategy may be powerful. There have also been attempts at forward translation, directly screening for DBS' behavioral effects in animal models. The strongest results have been found for the forced swim test, a putative model of learned helplessness in depression. Three groups have independently found that DBS given just before the test causes rats to struggle/swim for longer and spend less time immobile [55] [56] [57] . Interestingly, those results used very different targets, with one studying MFB [56] and the others finding effects for both the prefrontal cortex and nucleus accumbens (NAcc) [55, 57] . Neither study found effects on other model tests such as the elevated plus maze or sucrose preference (although see [58] ). Further, the effect was not present in Bhealthy^ani-mals; positive effects of DBS required the animals to already be in a Bdepressive^state, whether through genetic susceptibility [56] or chronic stress [57, 58] . This work has difficulties, in particular the fact that the human DBS targets do not always have rodent correlates. MFB and NAcc have homologues, but rats have no internal capsule. They do have a Brodmann area 25 (the infralimbic cortex, or IL), but BCg25^studies in rats often target DBS to the border of IL and its neighboring prelimbic cortex (PL) [55] [56] [57] [58] . The fear-conditioning literature has shown these areas to have different and sometimes diametrically opposite behavioral effects [59] [60] [61] [62] . Newer animal techniques such as optogenetics, which reliably offer greater circuit specificity, may improve our ability to tease out these circuits and their role in DBS [53, 63] .
Neural Biomarkers
Clinically, DBS at every target seems to show dose-response correlation. "Dose" is difficult to quantify for a stimulus waveform with at least four degrees of freedom [64] , but both response and side effects seem to correlate at least to current/ voltage amplitude [65] . In human and animal studies, DBS discontinuation causes a marked and often rapid Breboundt o a pathologic state [22, 25, 66, 67] . It should therefore be possible to do Bsystem identification^-to systematically vary DBS parameters, measure the brain's response, and through this identify the general mechanisms of DBS. Similar work with subthalamic nucleus (STN) DBS in Parkinson's patients has yielded valuable insights into impulsivity [68] [69] [70] . In OCD patients, switching VC/VS DBS on and off showed that DBS may decrease abnormally high functional connectivity (measured by resting-state fMRI) between cortex and striatum [71••] . This is concordant with a theory of OCD as hyperconnectivity in corticostriatal loops [47, 72, 73] and with prior PET imaging that found DBS-induced metabolism increases in the OFC, putamen, and globus pallidus [20] . Magnetic resonance spectroscopy further linked VC/VS DBS to dopamine release in VS, although it did not in turn connect this to corticostriatal changes [74] . A recent acute discontinuation PET study at Cg25 was less revealing, finding changes in the dorsal cingulate, premotor cortex, and putamen, but not in Cg25 itself or its connected limbic structures [75] . However, in that study, the discontinuation caused little clinical effect, and thus, the intervention may itself have had insufficient Bdose.^The previously noted targeting results [11•] might also explain the lack of expected effect.
One under-explored domain in these studies is frequency, i.e., DBS' effect on the brain's endogenous oscillations. Those oscillations are believed to be a cross-species means for organizing circuits [76] [77] [78] and have been linked to a range of cognitive and emotional phenomena [79] [80] [81] [82] [83] . DBS is inherently an oscillatory intervention, which may serve to reset or modify endogenous rhythms [84] [85] [86] . Supporting that, one human study found a decrease in frontal low-frequency oscillations from VC/VS DBS [71••], while one rodent study found a decrease in fronto-hippocampal coherence from mixed IL/PL DBS [87] . A recent human study in Parkinson's disease found that DBS altered phase-amplitude coupling, a putative measure of neural ensemble coordination [88•] . Linking psychiatric DBS to measures of cortical function that can resolve frequency-domain phenomena, e.g., EEG and magnetoencephalography, may both improve our understanding of DBS' mechanisms and shed further light on oscillations' role in cognition [89] .
Next Steps: Emerging Tools and Improving Techniques
Although the clinical enthusiasm for DBS in mood and anxiety disorders has waned in the wake of two negative trials, researchers continue to advance both the basic neuroscience and clinical art. Those advances will be shaped by three trends in the coming decade: new physical techniques for stimulating below the cortex, new concepts of how to do psychiatric neuroscience, and the rise of responsive, "closedloop" DBS systems.
New Stimulation Technologies
Two trends are emerging: increased specificity and decreased invasiveness. To the first, DBS activates very heterogeneous populations. It captures both local cell bodies and passing axons, which in turn may conduct a signal throughout the brain. In many ways, this is similar to non-specific pharmacologic interventions. Given the emerging evidence that complex behaviors can be produced by modulating well-defined monosynaptic connections in animals [90] [91] [92] [93] , we might reasonably want DBS to target those same connections. Unfortunately, the animal results to date have involved permanent genetic modifications, a technique that is not immediately transferable to humans. Fortunately, there may be ways to achieve the same specificity with electrical stimulation. One rodent study recently showed that by combining electrical stimulation with a precise receptor blockade, optogeneticlike specificity may be achievable [94•] . There is also a long tradition of Bcoordinated^or Bprogrammed^DBS, where complex pulse sequences are tailored to interference with known rhythms of a given nucleus. Simulation results suggest that these sequences can evoke plasticity and thus clinical effect from a subset of cells [84, 85] . Recently, a brief application of this Bcoordinated reset^paradigm in Parkinsonism produced motor improvements that lasted well past the end of stimulation, in contrast to the immediate wear-off of standard DBS [86] . Similar plasticity induction schemes could yield the specificity we seek in psychiatric circuits [63] .
A major barrier to DBS' progress is the difficulty of enrolling patients in even early-phase studies, which in part relates to ethical concerns around psychiatric neurosurgery. A noninvasive or minimally invasive approach to brain stimulation would let us more rapidly Bprototype^a variety of interventions. Transcranial magnetic stimulation (TMS) is far and away the most popular non-invasive stimulation modality in psychiatry. Unfortunately, it may be physically impossible to activate a deep structure with TMS without also activating overlying cortex [95, 96] , although sequenced subthreshold stimulation has not been ruled out [97] . It may also be possible to reach deep targets by identifying patient-specific Bcortical windows^that preferentially access them, but this still requires cortical activation [98] . One alternative would be to specifically alter the magnetic susceptibility of the target tissue, making it especially easy to activate with alternating magnetic fields. A recent study demonstrated this to be possible in mice using magnetic nanoparticles [99] . That effort again used genetic modifications, but the physical principles could be generalized to eliminate that barrier. It also requires injection of a small fluid volume into the brain, which might be accomplished with an endovascular approach. Finally, there has been a surge of interest in focused ultrasound (FUS). This was initially proposed as a lesion technology similar to stereotactic radiosurgery [100] or as a way to target chemotherapy to tumors [101] . More recently, it has been shown in animals and humans that low-intensity FUS can increase or decrease neural activity, in focused brain regions, without damaging the tissue [102] [103] [104] . If FUS transducers can be modified to reliably focus their energy in structures within the limbic circuit, this could become a non-invasive variant of DBS.
Considering Overlap Across Disorders
Above, we discussed studies that elucidate DBS' mechanisms by seeking patient characteristics or neural phenotypes that predict response. To date, that has been done within disorders, e.g., biomarkers of MDD response to Cg25 [89] or mechanisms of VC/VS DBS in OCD [71••] . These are powerful studies, but they discard a key fact: some DBS targets, especially VC/VS, have shown signal for both MDD and OCD [9, 14] . The same is true of lesion procedures such as anterior cingulotomy and anterior capsulotomy [5, 105, 106] . This invites a question: why should a single target be effective for two very different disorders? And why should we study those two disorders in isolation if they share a common pathway?
The answer, at least according to the National Institutes of Health (NIH), is that we should not. They have proposed realigning psychiatric neuroscience to BResearch Domain Criteria^(RDoC), measurable behaviors that correspond more closely to psychological theory and animal neuroscience [107, 108] . Leaders from the research community have agreed, proposing that RDoC constructs could more tightly be linked to computational modeling that might aid treatment design [109] . For DBS, the implication is that we should target it not to diagnoses but to specific behaviors linked to the circuits and structures we are implanting. In that framework, Cg25 would become a Bsad mood^DBS indication, while MFB would become "anhedonia" and VC/VS may improve "extinction learning."
The existence of useful transdiagnostic features is not mere speculation. A resting-state study of patients with generalized anxiety disorder (GAD) and/or MDD found that crossdiagnostic dimensions were necessary to fully explain the variation in an affective network covering cingulate, PFC, and striatum [110••] . A cingulate-insula network shows morphometric changes across Axis I disorders [111•] . Closer to treatment, a single CBT protocol shows efficacy across mood and anxiety disorders as long as patients have evidence of emotional dysregulation [112] . We believe it should be possible to apply those insights to the design of the next round of DBS trials [113] .
Responsive, Closed-Loop Stimulation
DBS is a static therapy. Patients' systems are programmed with fixed stimulation settings (sometimes with a chance to switch between two or three very similar Bgroups^), and those settings are then continuously applied for weeks at a time. Mental disorders, meanwhile, are not static. Obsessions, compulsions, panic, worry, hyper-arousal, and even mood symptoms can wax and wane dramatically on timescales of minutes to days. This creates a fundamental mismatch between the programmed therapy and the patient's immediate need. That by definition promotes both under-treatment and side effects; the mean Bdose^necessary to control a patient's symptoms on average is guaranteed to be too much on some days and too little on others. As we expand the space of possible DBS indications, this becomes a greater problem. Consider anxiety and trauma-related disorders, where patients experience brief but intense flares of fear and distress. Assuming that a DBS target (e.g., amygdala) could be found to suppress that distress, a clinician in the present Bopen-loop^paradigm might set the DBS amplitude to ensure that the patient experienced symptoms less than once per week. During that week, the patient would spend most of his/her time receiving stimulation designed to suppress a flare that was not actually present. The result could easily be emotional Bnumbing^, which is frequently unacceptable [114] .
A better approach would be a system that tracks the current level of symptoms and titrates the degree of stimulation to match/suppress it. Such closed-loop systems are succeeding for neurologic disorders. They are marketed for epilepsy [115] , and in laboratory models of Parkinson's have shown greater clinical efficiency than standard DBS [116] . Two things are still needed to bring these feedback-control systems into the world of psychiatric DBS: hardware platforms that can implement closed-loop strategies and a better understanding of brain signals that could provide the necessary feedback and symptom state detection.
The hardware platforms are rapidly emerging. A major DBS manufacturer has demonstrated a Bsensing^system that can record from the human brain and provide those signals to clinicians [117] and has proven that it can be used for closedloop control in an epilepsy-like application [118•, 119] . On the animal side, several groups have demonstrated open hardware platforms that can readily be customized to enable closed-loop control of brain activity with commodity parts [120] [121] [122] , and a system resembling those was successfully used for closedloop control of psychiatrically relevant brain areas in rodents [123•] . Biomarkers are the greater challenge. A closed-loop brain stimulation system operates by tracking an electrical signal in the brain and changing the stimulation parameters to drive the tracked signal to a desired range. There is no known brain signal that tightly tracks the symptoms of any mental disorder. Many have been proposed, but they generally are found in small, poorly powered studies and do not replicate well [124, 125] . Recently, our group has highlighted two ways past the biomarker barrier. First, there is a marker that is common to many disorders but often overlooked-a patient's own desire to be free of symptoms. Most mood and anxiety disorders are ego-dystonic. Patients recognize their symptoms as Bnot myself^and wish to be rid of them. We have proposed, and demonstrated in an animal model, that it is possible to control a psychiatric brain stimulator by reading out the user's intention-an explicit mental command to the stimulator [114, 123•] . This model, which owes much to the development of Bneural prosthetics^for motor paralysis, may be a useful tool for improving patients' self-regulation ability across diagnoses. That leads into the second way forward-moving past diagnoses. We discussed above the possibility that a transdiagnostic paradigm could help better target DBS. It may also help identify biomarkers. Electrical brain activity presumably reflects circuit function. By identifying circuits that are impaired across disorders, we may find the electrical features we need [108, 124] . Our group is now 1 year into a 5-year program to test that theory. 2 We have defined initial metrics for the transdiagnostic states [126] [127] [128] and designed novel devices that can use them to drive treatment [129, 130] .
Conclusions
DBS for mood and obsessive-compulsive disorders has recently faced challenges, but we see reasons for optimism. The continued proliferation of targets and potential indications shows that the research community's enthusiasm and commitment have not diminished. The failure of trials based on simplistic targeting justifies a more rational, neuroscience-driven approach to DBS' development. Key to that will be studies where we ensure that every patient contributes something to our understanding of the underlying biology. That may include Bserial n of 1^or other adaptive designs and will likely involve the use of devices that can record and report on the brain during therapy. Through that, the next decade should yield a much better knowledge of DBS' mechanisms of action, which should in turn translate to greater clinical efficacy. Just as importantly, it may allow us to define non-DBS approaches to modulating the same structures. That will expand the availability of novel neurotherapeutics to far more patients. There is a bright future ahead for specific and focal brain-based treatments in psychiatry, and with continued refinement, DBS will be a valuable part of that arsenal.
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